The most challenging aspects of teaching probability and statistics to engineering students are the theoretical nature of the topic and the disconnection of the material taught with real-world engineering problems. Although the engineering curriculum in most cases has been updated and expanded to incorporate group work and project-based learning, most of the mathematical oriented courses are still taught in a passive manner.
Introduction
Critical thinking is an important skill for engineering students and is the central theme of our course redesign in one of our core Industrial Engineering (IE) courses. According to philosopher Peter Facione, critical thinking is defined as the intellectually disciplined process of actively and skillfully conceptualizing, applying, analyzing, synthesizing, and/or evaluating information gathered from, or generated by, observation, experience, reflection, reasoning, or communication, as a guide to belief and action [4] . In layman's terms, critical thinking is reflectively thinking through and making decisions about a problem using logic and rationale based upon credible evidence. Some researchers argue that critical thinking has three key elements: reason, reflection and judgment [14] . Also, the upper levels of Bloom's taxonomy are labeled as indicators of critical thinking: analysis, synthesis, and evaluation [3] . Critical thinking has been explored in multiple disciplines, including philosophy, psychology, and sociology. The combination of the three distinct disciplines collectively identifies three perspectives or conceptual models to consider critical thinking including skills or ability [10, 11] , disposition [3, 4, 6] , and developmental [18, 19] .
Critical thinking has been assessed by a variety of methods including essays, scoring rubrics, and performance measures such as GPA, SAT scores, and portfolios. Effective assessment can expose necessary pedagogical adjustment to enhance student's critical thinking skills [12] . Ralston & Bays developed a rubric to assess critical thinking in the context of engineering courses based upon a social science model of critical thinking [14] . Also, educators have specified student's ability to develop critical thinking skills as a fundamental educational objective and an essential component of the general education of college students [15] . Schamber and coauthors encourage the use of formative assessment data for instructional innovation and enhancing student learning, including developing critical thinking skills [15] .
In this study, our goal is to improve student's critical thinking skills through case-based instruction within a collaborative learning environment. Specifically, this study adds to the engineering education literature by incorporating critical thinking in a core Industrial Engineering (IE) course through team investigations of case studies.
Collaborative learning groups and teamwork are a fundamental building block within engineering education. Teamwork is a common component in most engineering curricula and engineering companies typically use teams as the basic unit of knowledge sharing and sometimes performance. Generally, engineering faculty view teaming skills as valuable to engineering students and collaborative learning provides an opportunity for students to practice professional skills while in college. Additionally, multiple studies have identified teamwork as one of the most valued and necessary skills for college graduates, as the majority of engineering employers want engineering educators to focus on developing students' teaming and collaboration skills [7] . Despite the clear emphasis on teamwork in engineering and the increasing use of student team projects, our understanding of how to support engineering students to develop these skills is limited [1] . Some engineering education researchers consider how to teach teaming skills in engineering courses [9] , but some others question if teamwork can be taught [17] . Moreover, few studies have linked student collaborative learning or teaming skills to specific instructional strategies.
Case-based instruction asks students to analyze realistic data of either historical or hypothetical situations and perform a systematic problem-solving procedure using sound technical decisions [13] . Previous studies demonstrated the effectiveness of case-based instruction in improving student's problem-solving skills and ability to translate a technical approach into a similar context [8] . More importantly, case-based instruction is a fairly popular active learning instructional strategy that is familiar to many engineering faculty [5] .
In light of the engineering faculty being at least aware of case-based instruction, we saw it as a viable option to redesign a core IE course in order to incorporate critical thinking by asking students to investigate, in teams, real-world, data-driven examples. The fundamental research question in this redesign was the following: do case-based instructional strategies provide an effective method to improve IE students' critical thinking skills? Building on successful assessments of critical thinking in previous research, we developed an internal assessment measurement that reflects our local context. Moreover, since our instructional strategy was to combine case studies with collaborative learning, we also developed instruments to evaluate student perceptions of their team experience.
Targeted course: First course in probability and statistics
The course considered in this study is an introductory course in probability and statistics for engineering students with a background in multivariate calculus. The probability component of the course begins with basic combinatorics and the axioms of probability, and ends with analysis and applications of univariate and multivariate distributions of discrete and continuous random variables. The statistics component of the course covers simple numerical and visual descriptions of data, interval estimation, hypothesis testing, and linear regression. The goal of this course is to provide engineering students with a comprehensive survey of probability and statistics.
Specifically, our IE students traditionally take this course in their fourth semester. Moreover, it is a required course for other engineering disciplines including Aerospace Engineering, Chemical Engineering, and Materials Science and Engineering curricula, and satisfies a statistics requirement in the Agricultural Engineering and Mechanical Engineering curricula. Hence, the variety of technical background of the students taking the course leads to wide range of expectations of the course by students. Furthermore, this IE course will be the only direct exposure to probability in some students' coursework, while others will rely on it to prepare them for more advanced coursework on these topics (e.g., design of experiments, simulation, stochastic processes). Hence, it must serve both as a terminal course that prepares students for their careers after graduation, as well as an introductory course that provides a foundation for future academic study including related sequenced courses in other engineering departments.
Students enrolled in this course typically have four contact hours each week: three hours of lecture led by an instructor and one hour of lab led by a teaching assistant. Through the 2014-2015 academic year, course assessments consisted of homework assignments, in-class quizzes, midterm exams, and a comprehensive final exam. Quizzes were typically unannounced, and were held in both lecture and lab meetings. Lectures applied the traditional teaching approach of direct instruction, with the instructor presenting course materials to the class. However, all lab meetings were held in a recitation format, with the teaching assistant answering student questions and presenting prepared examples to demonstrate the application of course materials. Thus, the goal of the labs was to reinforce the concepts introduced during lecture, rather than to introduce new topics.
In the end of the Spring 2015 semester, we surveyed the students enrolled in the course, in order to evaluate their familiarity with programming as well as their attitude towards the integration of a programming component and the introduction of team-based projects in the course. The "informal" or formative assessment indicated that the vast majority of the students had little to no exposure to programming in their previous engineering courses. However, only half of them considered the introduction of programming into the course necessary. The results are summarized in Table 1 . Although the students' preference on adding new components to the course was divided, we decided to integrate computational material in the course as part of the course re-design. Our hope is that this will enhance students' self-directed learning and specifically, their critical thinking skills. Our over-arching objective was to strengthen the skillset of our graduates to effectively prepare them for the job market or if they continue to graduate studies.
Students' programming experience
There is a variety of statistical and mathematical software as well as programming languages that can be employed. In the statistical education literature, there is consensus that integrating software programming in statistics and probability courses is imperative [20] . However, the specific methodology to incorporate programming into a statistics course depends on the students' major and their level of prior exposure and engagement with programming software. We chose to integrate Python, as it is a powerful programming language and an industry standard that has capabilities of analyzing large datasets consistent with professional IE work.
As it was mentioned before, the targeted course serves other engineering departments in our university. Therefore, the students that are registered in this course are a mixture of industrial, general, material science, mechanical, and aerospace engineers as it is shown in Figure 1 . Although the majority of students are in their junior year, a little bit less than half of the class consists of sophomore and senior students (Figure 1 ).
Figure 1: Demographic Breakdown of Student Characteristics Fall 2015
It is interesting to point out that although the majority of the students are in their junior year, only 21% had experienced more than three collaborative project-based learning activities over the course of their engineering education ( Table 1) . As a result, we decided that it is necessary to train our students to work in a collaborative team environment.
Case studies development
One of our main objectives in this study is to bridge the gap between the material taught in class and real life problems; our goal is that students develop the ability to relate and apply theoretical concepts to real-world applications, in addition to fully understanding these concepts. To achieve this goal, we introduced two real-world, data-driven case studies to our introductory course in probability and statistics.
The first case study is dedicated to the problem of finding the fastest flight for certain airplane routes. The airline data used in this case is publicly available and can be found on the fivethirtyeight.com website [16] . This case study is divided in two parts: the first one is designed so that student can familiarize themselves with Python programming software and perform a simple data analysis task. In particular, the main goal is to guide the students in writing and reading data from files and performing basic data manipulations, such as cleaning a data set, calculating the number of observations and computing averages of subsets of data. To demonstrate their ability to perform these skills, we asked the students to compute the flight time for a specific route and a specific airline, the targeted flight time, i.e. an estimate of how long a specific flight should take based on distance and direction of travel.
The second part of the first case study required more rigorous analysis, such as the computation of conditional probabilities as well as development of a very simple classifier that would predict the likelihood of a delay in any given flight. The theoretical concepts for conditional probability and Bayes' theorem were covered in class. However, the students were guided on how to develop a classifier based on simple conditional probabilities.
The second case study that was developed introduced the importance of statistics in the global financial market by introducing the students to the reinsurance market. On the theoretical side of the case study, students delved into the "central limit theorem", which is a key concept in the course. The students are expected to visualize the central limit theorem for the given data. This also motivates them to explore graphical tools in Python in order to produce various plots from the data, such as Q-Q plots. In addition, students got to practice with cumulative distribution functions and understand the concept more in depth. The case study was designed such that students were required to revisit the majority of the probabilistic concepts (e.g. conditional probability, integration technique) and apply them at the same time in a different, realistic context. This case study also went one step further, and the students were introduced with heavytailed distributions. It also gave them a motivation to think of realistic scenarios where the bellshaped curve is no longer applicable. Therefore, the students were required to distinguish between heavy-tailed with common light-tailed distributions based upon material presented during class lecture. At the end students were required to use point estimation for a real-life example with provided data and articulate the intuition and logic supporting the decision-making and interpretation of the problem context.
As we discussed before, the case studies were developed as group assignments and therefore students were required to work in cooperative teams and work with other students in their course lecture and discussion sessions. The students were urged to take initiatives, and the instructor or TA played the role of a "facilitator" in the learning process. Since the students had limited experience in teamwork, we decided to let them select their own groups. They were also allowed to switch groups between the different case studies, but not during a case study analysis. At the end of each case study, we conducted a student peer-evaluation in order to assess the degree of in-group collaboration and we shared the results with the students. However, based on the newness of the new course requirements, the degree of collaboration did not count towards their case studies grade for the first semester of the course redesign.
Assessment of case studies
The team decided to assess the student learning outcomes from the second case study using grading rubrics. The rubrics assessed each student's achievement in four possible levels: Not Acceptable (0), Basic/ Minimum (1), Acceptable (2) and Exemplary (3).
To be more specific, the grading rubric for the "reinsurance" case study, was developed based on the following 9 learning objectives: The grading rubric (attached in the appendix) was designed to assess each of these 9 learning objectives in the above four possible categories. The distribution of the students' grades (in percentages) for both case studies is summarized in the following graphs:
Figure 2: Histogram of case study grades.
From what we observe, both grade distributions were left-skewed, with a little bit less than half of the class getting a grade more than 90%. This means implies that in assessing all 9 learning outcomes, the work was evaluated as 'Exemplary' in at least half of the outcomes. Of course, there are a few instances where the students underperformed or did not complete the case study at all (e.g., zeros in the second case study).
In order to assess the groups' effectiveness we handed out a peer-evaluation to the students. We asked the students how many hours per week they individually worked on the case study; compared to the time they spent working with their peers. We also asked them their perception on how the group performed and we had them give us specific examples on what they learned from the team and what they brought to the team. The goal of the peer-reviews was to be informative and help the students reflect on their individual and group performance. The peer feedback is also very important, as previous research has shown that student's perception of their team function can be very different than the faculty member's perspective of the student team functionality [2] .
In general, many groups felt that their teams worked effectively on the case studies, with students often citing group members with prior coding experience (e.g., in Python) as helping the other team members learn how to develop their own code. Students also mentioned the need to start meeting with their group members earlier and suggested to meet more frequently in the future. They also discussed the need for each group member to also work separately to understand the case studies before coming together as a team. The students' critical examination of how they worked with their teammates align strongly with our desire to increase the students' abilities to effectively collaborate and team with their group members.
One major concern we had when designing the case studies was the amount of work that they would entail. In order to compensate for the new components added in the course, we decided to drop the lab quizzes and utilize the weekly labs to facilitate the group collaboration and assist the students towards the completion of the case studies. In our end-of-semester survey, we also found that some students did consider the workload significantly higher, but only about 10% more compared to the previous semester (Spring 2015). Although it is not a measure of whether the critical thinking skills of the students were improved, we compared the exam average scores of the students in three consecutive semesters (Fall 2015, Spring 2015, Fall 2014) for the same instructor. It turns out that the final exam scores were lower in Fall 2015 compared to the two previous semesters. However, both midterm exams as well as homework grades showed no statistically significant difference. The lower observed final exam scores could be attributed to several factors. First, in addition to introducing case studies and computational material, we also decided to increase the scope of the materials typically covered in the course. For example, linear regression was added, as well as more content on hypothesis testing -which are both topics covered in the end of the semester and hence would not have appeared on the midterm examinations. Moreover, because we devoted the labs sessions to the case studies, there was less in-class reinforcement of the course material. The combination of these structural changes provides a plausible explanation for the drop in performance. Reflecting upon the implementation of the case studies and the results, the main difficulty we observed was the students' unfamiliarity with programming and specifically with Python. This issue delayed full involvement in the case studies' theoretical part and as a result some students were only focused on improving their programming skills, which is a positive point itself, however not in the scope of this class. In order to overcome this difficulty, we have initiated a curriculum change to require a Python-based programming class before taking is course.
Teaching assistants (TAs)
Since the targeted course has typically very high enrollment (approximately 300-400 students per semester), there are several course TAs that lead the lab sections. In addition to these, we also had two full-time teaching assistants bridging the gap between the TAs and the course instructors. In particular, a beginning-of-semester training workshop for the TAs included a Python tutorial, as well as several sessions during the semester that discussed the details and learning objectives of each case study. Moreover, in order to further assist the students in their new tasks, weekly office hours were devoted to Python and case study related questions.
The course TAs, as it was mentioned before, held more of a leading role in the lab sessions, guiding the students through the investigation of the case studies. However, based on our experience from the Fall 2015 semester, we overlooked the fact that leading a group based recitation session requires more advanced teaching skills than a more traditional recitation format of solving problems on the blackboard, or answering questions. As a result, we faced some challenges in the way the labs were held, as well as the helpfulness of the TAs to the students. This was also depicted in the end-of-semester survey from the students' comments.
In order to remedy this situation, this semester we are holding weekly TA meetings with the instructors and the computational TAs. Our goal is to have the teaching assistants take the role of the student and let them work in groups in order to complete the weekly tasks. Therefore, we hope that by guiding them do collaborative work, this will improve their teaching skills and will support them in leading a group-based lab.
Faculty outcomes
Apart from the student learning outcomes, we as instructors gained valuable experience during the development of the case studies and the new material for the course including adopting novel assessment strategies. Beginning in the Spring 2015 semester, we had weekly meetings where we decided what kind of innovations we should introduce in this course. All innovations were decided and developed in a collaborative environment, where a group of faculty members, lecturers, engineering education researchers and graduate students participated. All the developed materials are very well documented and will be shared with new faculty members teaching this course and joining the group, in order to guarantee continuous improvement and sustainability of the changes we made. Overall, this whole process strengthened the sense of community in the department and created an environment of support and collaboration while engaging in implementing instructional innovation to improve our student outcomes including critical thinking.
Conclusion
To summarize our goal in this project was to use team-based case studies and computational material in order to improve students' critical thinking skills. Training the students to learn how to work in a group setup was one of our main goals. Since most of the students had limited exposure to group-based learning projects, peer feedback and evaluation was a key element to the success of the student teams. Peer feedback showed that student starting feeling more comfortable working in a group setup over time.
However, the lack of effective TA support to the students created a disconnection of the material presented in the lecture with these taught in the lab, which is currently addressed by proper TA training. Our main change this semester is the initiation of weekly TA meetings, in order to train the TAs on how to reinforce the core concepts of the case studies while linking them to the material taught in class.
An unanticipated outcome of this process was the faculty learning. Not only did we have a positive experience working in a group, revamping one of the largest courses in our department, we also gained valuable experience and energy to implement instructional innovations to other core courses.
While this study represents an excellent first iteration in refining this course, clear areas for improvement still exist. The faculty team is continuing to revise the course to both achieve the stated goal of improving students' critical thinking skills and better prepare the enrolled students for their future coursework and post-graduation careers. Hence, there is a continuous process improvement component to the work presented here.
While this study has produced several illuminating insights into the nature of our course and its students, the results presented in this paper are limited in several ways. First, the analysis presented here only considers data measuring outcomes for one semester's offering of the course. Moreover, it must be emphasized that this research was conducted at a single institution, which limits the ability to generalize our results to other institutions. As we continue to refine the course, data gathered over a longer horizon will give greater insight into the impact of these evolving changes on our students. 
